Helicases are motor enzymes that convert the chemical energy of NTP hydrolysis into mechanical force for motion and nucleic acid strand separation. Within the cell, helicases process a range of nucleic acid sequences. It is not known whether this composite rate of moving and opening the strands of nucleic acids depends on the base sequence. Our presteady state kinetic studies of helicases from two classes, the ring shaped T7 helicase and two forms of non-ring shaped hepatitis C virus (HCV) helicase, show that both the unwinding rate and processivity depends on the sequence and decreases as the nucleic acid stability increases. The DNA unwinding activity of T7 helicase and the RNA unwinding activity of HCV helicases decreases steeply with increasing base pair stability. On the other hand, the DNA unwinding activity of HCV helicases is less sensitive to base pair stability. These results predict that helicases will fall into a spectrum of modest to high sensitivity to base pair stability depending on their biological role in the cell.
Helicases are motor enzymes that convert the chemical energy of NTP hydrolysis into mechanical force for motion and nucleic acid strand separation. Within the cell, helicases process a range of nucleic acid sequences. It is not known whether this composite rate of moving and opening the strands of nucleic acids depends on the base sequence. Our presteady state kinetic studies of helicases from two classes, the ring shaped T7 helicase and two forms of non-ring shaped hepatitis C virus (HCV) helicase, show that both the unwinding rate and processivity depends on the sequence and decreases as the nucleic acid stability increases. The DNA unwinding activity of T7 helicase and the RNA unwinding activity of HCV helicases decreases steeply with increasing base pair stability. On the other hand, the DNA unwinding activity of HCV helicases is less sensitive to base pair stability. These results predict that helicases will fall into a spectrum of modest to high sensitivity to base pair stability depending on their biological role in the cell.
Modeling of the dependency provided the degree of the helicase's active involvement in base pair destabilization during the unwinding process and distinguished between passive and active mechanisms of unwinding.
Helicases are proteins that translocate in one specific direction along the nucleic acid backbone to catalyze processes such as the separation of the complementary strands of a double helical nucleic acid, recombination of DNA molecules, or remodeling of proteins bound to nucleic acids (1) (2) (3) (4) (5) . Helicases are referred to as motor enzymes, because they convert the chemical energy of NTP hydrolysis (a reaction with a negative ∆G) into mechanical force for motion and strand separation. It is not clear whether the force they generate is used predominantly to translocate on the nucleic acid or it is directed mainly at actively destabilizing and melting the double stranded nucleic acid. It is also not known if all helicases share a common mechanism or if they act via different strategies to catalyze strand separation. Therefore it is difficult to predict a priori whether and how the helicase activity would depend on nucleic acid base pair stability.
Helicases encounter a range of nucleic acid sequences as they translocate on and unwind the strands of double stranded DNA or RNA in the cell. It is well known that the base sequence dictates the stability of the double helical nucleic acid. The GC bp in nucleic acids is more stable than the AT bp. Similarly, the neighboring base sequences and the stacking energies between adjacent base pairs determine the overall stability of the double helical nucleic acid (6) . A strong dependency of helicase activity on base pair stability would adversely affect controlled biological processes, such as the coordination of leading and lagging strand DNA synthesis during genome replication or the repair and recombination of specific DNA sequences. On the other hand, the dependency of helicase activity on base pair stability provides specificity during processes such as replication initiation that is typically started by replicative helicases melting the AT-rich regions adjacent to replication initiation sites (7).
Helicases can be classified according to their quaternary structure into ring shaped and non-ring shaped.
The ring-shaped helicases function as hexamers or dodecamers (8) (9) (10) (11) (12) , and non-ring shaped helicases function either as 2 monomers, dimers, or as higher order oligomers (13) (14) (15) (16) (17) (18) (19) (20) . One of the two helicases that we have studied here, T7 helicase, is a ring shaped hexameric helicase composed of non-covalently self assembled identical subunits (21) (22) (23) . T7 helicase is encoded by bacteriophage T7 and required for the replication of T7 DNA genome (24) . T7 helicase is an essential component of the replisome that consists of T7 DNA polymerase, and single stranded binding protein from the host and from the phage (24) (25) (26) (27) . It has been shown that T7 helicase uses the energy from dTTP hydrolysis to translocate unidirectionally along ssDNA and to unwind the strands of dsDNA (28, 29) .
A member of the non-ring shaped helicases that we have studied here is encoded by the hepatitis C virus (HCV).
The HCV NS3 protein contains helicase and protease domains and is an essential protein for viral replication (30, 31) .
HCV NS3-4A recombinant protein contains a NS4A core peptide fused to the Nterminus of the protease (32) . The helicase domain NS3h belongs to the superfamily 2 helicases and helicase oligomers show functional cooperativity in nucleic acid unwinding (14, 16) . The HCV helicase uses ATP hydrolysis to unwind a variety of nucleic acids including dsDNA, dsRNA, and RNA/DNA (33-36).
The major questions we address here are as follows: Does the unwinding rate and processivity of helicases depend on the nucleic acid sequence and base pair stability? If helicasecatalyzed unwinding activity is sensitive to sequence and base pair stability, do helicases from different structural classes, such as ring shaped versus non-ring shaped helicases, show different dependencies? Does the degree of helicase's sensitivity to base pair stability provide insights into passive versus active mechanism of helicase action?
Single molecule unwinding studies of non-ring shaped helicases like HCV NS3 and E. coli UvrD have shown that the nucleic acid unwinding rates are not significantly influenced by a destabilizing force applied to the double stranded nucleic acid (37, 38) . On the other hand, an ensemble study of the ring shaped helicase (E. coli DnaB) indicated an almost 7-fold difference in the unwinding rate depending on the sequence of the dsDNA substrate (39) .
Similarly, ensemble studies have shown that the non-ring shaped UvrD helicase and ring-shaped T7 helicase, respectively, move 3-fold to 9-fold faster on ssDNA relative to their rates of dsDNA unwinding (29, 40, 41) . The latter observations imply that the unwinding rates of these helicases might depend on base pair stability. To compare and contrast the two structurally distinct types of helicases, we carried out transient state kinetic analysis of DNA and RNA unwinding with the HCV helicases and DNA unwinding by T7 helicase.
We find characteristic dependencies of these helicases on sequence and base pair stability. The degree of helicase sensitivity to base pair stability can be analyzed to distinguish between active and passive mechanisms of unwinding.
EXPERIMENTAL PROCEDURES
Reagents and Buffers -Reagents were purchased from Sigma. Assays with T7 Helicase were in Buffer T (50mM Tris-Cl, pH 7.6, 40mM NaCl, 10% glycerol) at 18ºC. Assays with HCV helicases were in Buffer H (50mM MOPS-Na, pH 7.0, 5mM MgCl 2 , 5mM DTT, 0.1% Tween-20) at 22ºC. Unwinding substrate design-The DNA substrates used for the unwinding rate measurements were 40 bp in length while the dsRNA and RNA/DNA substrates were 30 bp in length (Table I ). The length of the dsNA region of the substrates was chosen carefully; it cannot be too short, because at room temperature 8-16 bp of dsNA of a particular sequence can have ∆G close to zero and can get spontaneously unwound (29, 42) . The length of the dsNA region cannot be too long, otherwise the unwound strands may reanneal behind the helicase during the reaction (29) . The range of GC content in the dsNA provided us with unwinding substrates of increasing overall stability. However, since the same GC% would have unequal stabilities in different types of nucleic acids, we instead refer to ∆G values of the sequences, as a comparable reference. The nearest neighbor approach (43) was used to calculate the ∆G for the sequences using the "HyTher  " web based program (44) or for the purposes of automating model fitting, self written scripts using the same nearest-neighbor parameters(44-46).
Proteins and Nucleic acids Preparation-T7
helicase (gp4A') and HCV helicase (NS3h) were purified as described (47) (48) . The full length NS3-4A was obtained from Dr. Madhura Gurjar and purified as described (32) . RNA and DNA were obtained from IDT (Coralville, IA) and gel purified. Duplex DNA forks were prepared by annealing DNA oligos (Seq1-4) containing a stretch of 35 dT's at its 5'-end with the complementary DNA strands that contained a stretch of 15 dT's at its 3'-end. RNA/DNA forks were prepared by annealing DNA oligos (Seq6-8) containing a stretch of 20 dT's at its 5'-end with the complementary RNA oligos containing a stretch of 20 rU's at its 3'-end. dsRNA forks were prepared by annealing RNA oligos (RNA equivalent of Seq5-8) containing a stretch of 20 rU's at its 5'-end with the complementary RNA oligos containing a stretch of 20 rU's at its 3'-end. T7 helicase would functionally load onto the 5' strand and translocate toward the 3' end, whereas NS3h would load onto the 3' strand and translocate toward the 5'-end. The sequences of the 5'-strand DNA oligos are as follows:
Unwinding assays-In T7 helicase assays the reaction concentrations were: 100 nM hexamer, 2 mM dTTP, 2.5 nM unwinding substrate, 2 mM free Mg 2+ and 1 µM SSB. The protein, DNA and the nucleotide cofactor were pre-assembled in one syringe, and Mg 2+ and SSB were mixed from the other syringe. In HCV helicase assays, the reaction concentrations were: 100 nM NS3h, 2.5 nM unwinding substrate, 5 mM Mg-ATP and 1 µM SSB. The protein and DNA were pre-assembled in one syringe and Mg-ATP and SSB were added from a second syringe. The SSB protein acts as a trap and assures single turnover reaction conditions for both helicases (49) (Manuscript under preparation). T7 helicase reactions were quenched with a 1.5 fold volume of the solution containing 100 mM EDTA, 1% (w/v) SDS, 20% glycerol, Bromophenol blue and 3 µM of ssDNA complementary to the unlabeled strand. The NS3h reactions were quenched with a 1.5 fold volume of the solution containing 100 mM EDTA, 1% (w/v) SDS, 200 nM reannealing trap (ssDNA complementary to the unlabeled strand) and 500 nM poly(U). For dsRNA unwinding by NS3-4A, the reaction concentrations were: 100 nM enzyme, 2.5 nM unwinding substrate, 5 mM Mg-ATP, 0.5 µM Poly(U) and 100 nM reannealing trap. The protein and DNA were pre-assembled in one syringe and Mg-ATP, Poly(U) and reannealing trap were added from a second syringe. The reactions were quenched with a 1.5 fold volume of the solution containing 100 mM EDTA and 1% (w/v) SDS. The reactions were loaded on a 10% native polyacrylamide gel with 1X TBE buffer containing 0.2% SDS. Data analysis MATLAB was the platform for all non linear least squares fittings. Experimental data with only two states was fit to the Eq. 1 (29, 50) to obtain the rate and processivity parameters:
Eq. 1 Experimental data that showed an additional phase was fitted with the following model (50):
Eq. 2 Where the gamma function:
The upper incomplete gamma function:
The k u is the unwinding rate per step, k d is the dissociation rate per step, k NP is the rate of nonproductive to productive initial complex transition, x is the fraction of complexes that are in the productive form at the start of the reaction, n is the number of steps required to complete the reaction, t is the time and f ss is the fraction of single stranded DNA. Processivity per step is equal to
n/(L-Lm) and the average unwinding rate is k u × step size.
Hard Wall and Soft Wall Helicase Simulations-
To quantify our observations in the light of passive / active mechanisms of unwinding, we used the equations derived by Betterton group (51) . The dsNA stability is expressed as the probability of base pair opening that allows the helicase to translocate along ssNA. From the helicase's maximal rate of translocation when there is no resistance from dsNA and the dsNA opening probabilities, the average rate of unwinding was calculated over a particular sequence. This simple scenario applies to the passive or the Hard Wall (HW) case, when the helicase waits for the dsNA to open. The approximate average rate of unwinding in this case, for a step size of 1, is given by:
is the unwinding rate, 0 k is the maximum helicase rate when G ∆ the average free energy of melting a single base pair (kcal/mol) is zero, and RT is gas constant times temperature. In the active or the Soft Wall (SW) model, there is an interaction potential between the helicase and fork junction. This energy from helicase favorably modifies the dsNA opening probabilities. At the same time, the helicase's forward/backward movements are compromised by the amount of energy favoring the dsNA. This enhanced option of distributing energy between DNA and helicase (as opposed to both of them acting independently of each other) provides a means of optimizing the rate of propagation of the helicase-NA junction, resulting in a higher unwinding rate. To get an approximate rate information for a helicase with a step size of 1 that invokes a SW potential at the DNA junction, we used the following equation: 
U is the strength of the single step interaction potential at the first base pair from junction, and f is a parameter that defines how much of the potential is felt by the helicase forward vs. backward rates. As our purpose was mainly to get a relative comparison of different helicases, we fixed the f value at 0.05 and the step size at 1 bp(51).
RESULTS

Unwinding substrates
The DNA unwinding substrates contained a 40 bp duplex region and 3'-dT 15 and 5'-dT 35 overhangs for helicase loading. The sequence of the duplex region was pre-designed and contained varying number of GC bp from 0% to 100%. The dsRNA and RNA/DNA substrates for HCV helicase unwinding contained a 3'-rU 20 overhang for helicase loading and translocation along RNA. The sequence of the RNA duplex region was designed to contain varying number of GC bp from 13% to 80%. The different percentage of GC base pairs in the dsNA region provided us with unwinding substrates of varying stability. The average ∆G/bp for the substrates was calculated and ranged from 0.9 to 2.9 kcal/mol/bp under the assay conditions (Table I) . Unwinding of these substrates was measured by the all-or-none radiometric helicase assay (Experimental Procedures) (52), which provided an accurate measurement of the average unwinding rate that could be correlated with the average ∆G/bp for the dsNA substrates.
Unwinding rate of T7 helicase is highly sensitive to the average base pair stability of the dsDNA T7 helicase was pre-assembled on the DNA unwinding substrate prior to starting the unwinding reactions so that the slow steps of helicase binding to the DNA would not limit the observed rates (29) . In the all-or-none radiometric assays, the progress of the reaction was monitored by quantifying the relative amounts of the single stranded nucleic acid product and the initial double stranded nucleic acid reactant as a function of reaction time. The kinetics showed that T7 helicase unwinds each of the DNA substrates of increasing stability with a presteady state kinetic lag (Fig. 1a) . The duration of the lag in ssDNA generation increased as the average base pair stability of the unwinding substrate increased. Similarly, the fraction of ssDNA generated at the end of the reaction decreased as the average base pair stability of the substrates increased.
To extract the unwinding rate and processivity from the observed kinetics, the data were fit to the stepping model of strand separation (see Experimental Procedures). A simple model with a uniform stepping rate and allowing helicase dissociation at each step accurately described the DNA unwinding data (shown by the solid lines in Fig 1a) .
The average unwinding rate was calculated from the stepping rate and the number of steps needed to separate the length of the duplex. Due to the discontinuous nature of the helicase assay, the partially unwound dsNA substrates after the reaction is quenched either reanneal to form the initial duplex substrate or fall apart to produce single-strands. When calculating the average unwinding rate (bp/sec), we assumed that the helicase does not have to unwind the entire stretch of dsNA, but a short stretch of the duplex (L m ) at the end of the sequence, spontaneously falls apart (29, 39) .
For each substrate used here, we calculated L m based on the melting temperature (Table I) . Therefore, for each substrate L m has a different length (8 to 16 bp), but an equal melting temperature. We believe that this approach is more accurate than the previously used "equal length" assumption (29, 39) . The same model also provided the processivity of unwinding. Processivity is defined as the probability of carrying out the next base pair unwinding step as opposed to dissociating from the DNA (1,50,53 ). Thus, a helicase with a high processivity would stay longer on the duplex and convert a higher fraction of the initial nucleic acid substrate into the single-stranded product.
The average unwinding rate and processivity thus obtained for T7 helicase was plotted against average base pair stability of the unwinding substrates (Fig 1b) . The results clearly show that the unwinding rate depends on the sequence and decreases as the average base pair stability of the unwinding substrates increases. The variation in the unwinding rates of T7 helicase within the DNA sequence range examined is about 6 fold. The processivity of DNA unwinding also depends on the DNA sequence and decreases with increasing base pair stability of the unwinding substrates.
HCV helicase shows different sensitivities to base pair stability of DNA versus RNA substrates
The same DNA substrates that were used to measure the unwinding rates of T7 helicase described above were used also to measure the unwinding rate and processivity of HCV helicases (NS3h and NS3-4A).
In the all-or-none radiometric assay, both HCV helicases unwound the DNA substrates with a presteady state kinetic lag (Fig 2a,b) which indicates a stepping mechanism of unwinding. The lag duration increased progressively as the average base pair stability of the DNA increased, which demonstrates that the unwinding rates of NS3h and NS3-4A depend on the DNA sequence. As was observed with the T7 helicase, a progressive decrease in the fraction of unwound strand was observed for the unwinding substrates with increasing average base pair stability. To quantify the unwinding rate and processivity, the kinetic data were fit to the stepping model of strand separation. The results show that the DNA unwinding rates of NS3h and NS3-4A decreases as the average base pair stability increases (Fig.  2c,d) . Interestingly, the variation in the unwinding rates of NS3h and NS3-4A was only 3 fold in the sequence range examined (0% GC bp to 100% GC bp), which is less than the ~ 6 fold variation observed for the T7 helicase. The processivities of NS3h and NS3-4A also depended on sequence and decreased as the average base pair stability of the unwinding substrates increased.
The RNA unwinding activities of the HCV helicases also showed sensitivity to sequence and base pair stability. The full length NS3-4A unwinds both dsRNA and RNA/DNA substrates. For unknown reasons, NS3h does not unwind dsRNA efficiently but unwinds the RNA/DNA substrates with an RNA overhang that allows the helicases to travel along RNA and unwind the duplex. In contrast to the low sensitivity observed for DNA unwinding by the HCV helicases, the variation in the RNA unwinding rates was 6 -10 fold in the same base pair stability range ( Fig  3D,E,F) . Thus, the RNA unwinding activity of HCV helicases is more sensitive to sequence and base pair stability than the DNA unwinding activity.
DISCUSSION
Our studies of helicases that belong to different structural classes reveal that the helicase-catalyzed unwinding activity is sensitive to sequence. We find that the helicase rate decreases as the average base pair stability of the double stranded nucleic acid increases. The unwinding rate of T7 helicase decreased ~ 6 fold as the average base pair stability in the nucleic acid increased from 0.9 kcal/mol to 2.2 kcal/mol. The HCV helicases, NS3h and NS3-4A, showed both high and low sensitivity to base pair stability depending on whether they were traveling along DNA or RNA. When traveling along DNA the unwinding rate of HCV helicases decreased only 3 fold, whereas on traveling along RNA the unwinding rate decreased more (about 6-10 fold) in the same range of base pair stability. The processivity of all the helicases examined here depended on the sequence and decreased with increasing base pair stability. Whereas the mechanism for the decreased processivity of helicases on more stable dsNA is not known, the observations indicate that helicases dissociate from the NA more readily when they encounter more stable base pairs at the fork junction. Alternatively, it is possible that in some cases helicases when slowed down switch from the single stranded translocation mode to double stranded translocation mode, upon which the helicase would travel over the duplex NA without unwinding the substrate (54). Our results predict that helicases will fall into a continuum, wherein the double stranded nucleic acid sequence will have a dramatic (6-10 fold) to a relatively modest effect (3 fold) on the unwinding rates of helicases.
Why do different helicases show different sensitivities to base pair stability? Does the degree of helicase's sensitivity to base pair stability indicate a specific mechanism of unwinding? Consider that the helicase action is composed of two alternating steps: translocation along ssNA and base pair melting. If the translocation step were much slower than the base pair melting process, then the unwinding rate would not be very sensitive to base pair stability of NA, as the same step would be limiting in all cases. Since in all cases examined here, we observed some degree of helicase sensitivity to base pair stability, we can conclude that translocation is not the limiting process. A mathematical treatment has shown that helicases will show different sensitivities to base pair stability depending on whether the helicase uses an active or a passive mechanism of unwinding (51) . If base pair melting is not distinctly catalyzed; in other words, if the helicase works mostly by trapping the thermally frayed DNA ends, then its unwinding rate will be influenced maximally by the relative opening/closing rates of bases. This is referred to as the passive mechanism of unwinding (55, 56) . However, if the helicase interacts with the ss/ds junction and destabilizes it directly (such as by applying a directional force and/or torque to NA), then its activity would be optimized for dsNA unwinding rather than for translocation on ssNA. That is, the unwinding rate will not be dramatically lower than the translocation rate on ssDNA.
This is referred to as the active mechanism of unwinding (1).
Using the formulations derived by Betterton and Julicher (51) for passive and active helicase mechanisms, we have modeled the unwinding rate versus base pair stability dependencies for the two cases (Fig. 3a-f) . The starting point in modeling the data is to express the dsNA stability as the probability of base pair opening so as to allow the helicase to proceed translocating along ssNA. From two critical parameters (helicase maximal rate of translocation when there is no resistance from dsNA and the dsNA opening probabilities), it is possible to estimate the average rate of unwinding over a particular sequence. This simple scenario applies to the passive model, when the helicase waits for an allowance from NA. In the active model of unwinding, there is an interaction potential between the helicase and fork junction. This energy from helicase favorably modifies the dsNA opening probabilities. At the same time, the helicase's forward/backward movements are compromised by the amount of energy favoring the dsNA.
The passive mechanism of helicase unwinding was modeled with a range of step sizes. Although the physical step size or number of bp unwound per NTP hydrolyzed for NS3h, NS3-4A, or T7 helicase is not known, their kinetic step sizes of unwinding are close to 10 bp (14, 29) . Similarly, T7 helicase uses one dTTP hydrolysis to translocate along 2-3 bases of DNA (40) , indicating that the step size is greater than one. Single molecule kinetic studies have also indicated that the step size of the HCV helicase is close to 3 bp (37). Comparison of the modeled and observed dependencies shows that the passive model does not describe the observed base pair stability dependencies of either the T7 helicase or the HCV helicases for a step size of one bp (Fig 3) . The deviation is even greater for step sizes larger than one bp (not shown). Therefore, both T7 helicase and the HCV helicases must destabilize the fork junction to achieve the observed rates of nucleic acid unwinding. By definition these helicases are unwinding by an active mechanism.
Even though the same DNA duplexes were used for both T7 helicase and HCV helicases, the sensitivity of each helicase reaction to base pair stability is different. This means that the degree of each helicase's active involvement (such as directional tension or torque applied to the fork junction) in the unwinding process must be different. The degree of active involvement is quantified by the interaction energy between the helicase and fork junction. The interaction energy was estimated by fitting the unwinding rate versus base pair stability dependencies to the active model of unwinding (Experimental Procedures). The fit to the active model of unwinding for the simplest case of step size equal to 1 bp (Fig. 3a-f) provided the interaction energies per bp shown in Fig 4. In general, the greater the interaction energy, the more active the helicase's involvement in destabilizing the junction base pairs and lower its sensitivity to base pair stability. HCV helicases show a shallow dependency on base pair stability compared to the T7 helicase when unwinding DNA substrates. Accordingly, the interaction energies of the HCV helicases with the DNA fork junction (~ 2 kcal/mol) are greater than that of the T7 helicase (~ 1 kcal/mol). HCV helicases, on the other hand, show a steeper dependency on the base pair stability of the RNA/DNA substrates. Accordingly, the interaction energies of HCV helicases with the RNA/DNA fork junction (0.4 to 1 kcal/ml) are smaller and similar in magnitude to that of the T7 helicase unwinding DNA.
The energy for translocation and base pair destabilization by helicases ultimately comes from NTP binding/hydrolysis reaction at the helicase's active site. Hydrolysis of one NTP can provide 7 -10 kcal/mol of free energy that the helicase can proportionate between unidirectional translocation and melting activities. If all the energy obtained from NTP binding/hydrolysis cycles is used for translocation alone, then the helicase's unwinding rate will be left at the mercy of NA fraying thermodynamics. If, on the other hand, all the energy is used for destabilizing NA, then little will be left for translocation. Thus, the optimal proportion lies somewhere in between these two extremes. Our studies with different helicases working on different nucleic acid substrates show that these helicases use a range of free energy (1 -2 kcal/mol) to destabilize the base pair at the fork junction.
The studies reported here with helicases from different superfamilies and structural classes predict that the unwinding rates of individual helicases will show a moderate to high sensitivity to nucleic acid stability. Helicases, such as the T7 helicase, that work in association with a strong motor protein like the DNA polymerase may have evolved to rely on the cooperative action of two motor proteins to unwind DNA. Therefore, T7 helicase on its own does not destabilize the base pairs to the maximum extent to allow fast rate of unwinding. The same is likely to be true for the HCV helicases unwinding RNA, their natural substrates, but not DNA. Helicases that do not work in association with other motor proteins, on the other hand, may destabilize the base pairs to a greater extent and may have evolved a more effective mechanism of opening the base pairs of the dsNA.
FIGURE LEGENDS Figure 1
Unwinding rate and processivity of ring shaped hexameric T7 helicase depend on the base pair stability of DNA. (a) Unwinding time courses for T7 helicase on DNA. The duplex DNA constructs indicated were preassembled with the T7 helicase in the presence of dTTP and the unwinding reactions were initiated by mixing with Mg +2 . The fraction of products (ssDNA) is plotted against the reaction time. (b) The average unwinding rate (circle) and processivity (triangle) of T7 helicase decreases as the average base pair stability of the DNA substrate increases.
Figure 2
Unwinding rate and processivity of the non-ring HCV helicases depend on the base pair stability of DNA. The unwinding time courses for the HCV NS3h (a) and NS3-4A (b) on DNA substrates. The duplex DNA constructs indicated were pre-assembled on the HCV helicases and the unwinding reactions initiated by mixing with ATP. The fraction of products (ssDNA) is plotted against the reaction time. The average unwinding rate (circle) and processivity (triangle) of NS3h (c) and NS3-4A (d) are plotted against average base pair stability of the dsDNA substrates.
Figure 3
Relative sensitivity of helicase-catalyzed unwinding rates on base pair stability. The dependence of the unwinding rate on base pair stability is shown for all cases studied (a-f). The rates are normalized to enable visual comparison between the helicases' unwinding rate versus base pair stability dependency. The smooth lines are simulated curves for a HW potential. The helicase step size is fixed to 1 bp and the y-intercept value of a 1 st degree polynomial fit to rate vs. ∆G data is used as an approximate substitute for the maximum rate of helicase translocation on NA. The discontinuous lines are the best fits to the SW model with step size of 1 bp, k 0 fixed to the value of the y-intercept, and interaction potential parameters shown in Fig 4. The parameter (f) was fixed at 0.05 to allow meaningful comparison of the interaction parameters for the different helicase reactions.
Figure 4
Interaction energies of T7 helicase and HCV helicases with various nucleic acid unwinding substrates. The interaction energies per base pair (U o ) obtained from fits to the SW model as described in the Experimental Procedures are plotted for T7 helicase and HCV helicases for DNA and RNA unwinding substrates. (1) Percentage of GC base pairs in the duplex region (2) ∆G for the duplex region (kcal/mol) at 22°C, in 50mM NaCl, 5mM Mg 
